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ReviewNew Insights into Ancient Seasonal
Life TimersDavid Hazlerigg1,* and Andrew Loudon2
Organismsmust adapt to seasonal changes in the environ-
ment and time their physiology accordingly. In vertebrates,
the annual change in photoperiod is often critical for
entraining the neuroendocrine pathways, which drive sea-
sonal metabolic and reproductive cycles. These cycles
depend on thyroid hormone (TH), reflecting its ancestral
role in metabolic control. Recent studies reveal that — in
mammals and birds — TH effects are mediated by the
hypothalamus. Photoperiodic manipulations alter hypo-
thalamic TH availability by regulating the expression of
TH deiodinases (DIO). In non-mammalian vertebrates, light
acts through extraretinal, ‘deep brain’ photoreceptors, and
the eyes are not involved in seasonal photoperiodic
responses. In mammals, extraretinal photoreceptors
have been lost, and the nocturnal melatonin signal gener-
ated from the pineal gland has been co-opted to provide
the photoperiodic message. Pineal function is phased to
the light–dark cycle by retinal input, and photoperiodic
changes in melatonin secretion control neuroendocrine
pathway function. New evidence indicates that these
comparatively divergent photosensensory mechanisms
re-converge in the pars tuberalis of the pituitary, lying be-
neath the hypothalamus. In all vertebrates studied, the
pars tuberalis secretes thyrotrophin in a light- or melato-
nin-sensitive manner, to act on neighbouring hypotha-
lamic DIO expressing cells. Hence, an ancient and
fundamentally conserved brain thyroid signalling system
governs seasonal biology in vertebrates.
Introduction
For many organisms the temporal separation of different
physiological or behavioural activities into distinct life-his-
tory stages ensures that reproduction occurs successfully.
Such temporal separation offers a means of ensuring that
mutually incompatible processes occur separately and opti-
mally — for example, growth and laying down of energy re-
serves should occur prior to embarking on an energetically
costly reproductive phase — and also allows synchronisa-
tion of physiological states to rhythmical environmental
cycles. Seasonally predictable environments have provided
a powerful evolutionary pressure for the development of
long-term timing mechanisms for synchronisation of life his-
tory to the changing environment, and the purpose of this
review is to reflect on the fundamental neuroendocrine
mechanisms underlying this long-term seasonal timing of
physiology in vertebrates.
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with Circadian Clocks
Two key features of circadian clocks are self-sustainability
and entrainment, allowing daily changes in environmental
conditions to be predicted by the circadian clock, and to syn-
chronise the clock, respectively [1]. Analogously, in several
longer lived species of bird and mammal, direct evidence
for the existence of self-sustained circannual oscillators
has been obtained by keeping animals in constant lighting
and environmental conditions for several years, and observ-
ing continued cycles in such seasonal parameters as migra-
tory restlessness, hibernation and seasonal moulting [2,3].
Such data are inevitably limited by the life spans of the exper-
imental subjects (and their researchers), but inspection of
circannual free-run data commonly reveals that circannual
period length is much less tightly conserved from cycle to
cycle within individuals, compared to free-running circadian
periods. Circannual oscillations often appear to act as
damped transients, suggesting that relative to circadian
oscillators, circannual oscillators are weak. From an adap-
tive perspective, it is obvious that a free running circannual
timer is unlikely to have been subjected to the same selective
pressure as the circadian system. The selective advantage of
endogenous seasonal timers can better be envisaged as
enabling animals to continue a transit through seasonal life
history, even during phases of the annual cycle when clear
external time cues are absent. This is likely to be the case
around the solstices, as well as in hibernators and species
inhabiting high latitudes, where prolonged winters are asso-
ciated with absence of an obvious external light–dark cue.
The light–dark cycle is the principal synchronising signal
by which circadian clocks are entrained to the solar day,
while the most effective synchroniser of seasonal rhythms
is the annual cycle of day-length change (photoperiod). As
for circadian rhythms, circannual rhythms can remain
synchronised to an external periodic cue, even if that cue
is only provided briefly in each circannual cycle. Two recent
studies have described phase-response curves for circan-
nual oscillations — one in flour beetles, the other in Soay
sheep [4,5]. In each case a ‘type 0’ resetting behaviour is
observed, such that the new phase of the circannual oscilla-
tion is independent of the phase in the circannual oscillation
at which the resetting stimulus is imposed. Such type 0
re-setting is characteristic of a weak oscillatory system [6].
Hormonal and Hypothalamo-Pituitary Basis
for Seasonal Timing Mechanisms
Across vertebrates, there is a universal reliance on endocrine
hormonal signals to coordinate transitions between life
history stages. These humoral chemical signals allow coordi-
nated changes in tissue and organ functionality to be orches-
trated as an animal moves from one life-history stage to the
next. The hypothalamus and anterior pituitary gland assume
the role of master regulators of endocrine coordination;
the former integrates seasonal time, environmental and
endogenous metabolic signals, while the latter assumes
the role of master effector pathway, secreting trophic hor-
mones, which act at diverse and multiple peripheral targets.
Communication between the hypothalamus and the anterior
pituitary involves typically neuroendocrine secretion: Hypo-
thalamic neurosecretory neurons release hormones into a
pituitary portal blood-supply, through which they travel to
the anterior pituitary, where they act on endocrine cells to
augment or inhibit secretion. This classical neuroendocrine
model has largely been accepted as the general mechanism
for hypothalamic regulation of anterior pituitary function for
more than 50 years since the pioneering work of Geoffery
Harris [7]. Later in this review we return to the concept of
hypothalamic regulation of pituitary function and suggest
the intriguing possibility that for seasonal timing mecha-
nisms, the pituitary may in fact regulate hypothalamic func-
tion — a reversal of conventional dogma. Before reviewing
this concept, we need to consider briefly what is known of
the role of thyroid hormones in the control of seasonal
breeding in vertebrates.
Thyroid Hormone and the Control of Seasonal
Breeding In Vertebrates
Evidence from different vertebrate groups strongly suggests
that thyroid hormone (TH) is crucially required for the expres-
sion of seasonal rhythms, with changes in TH signalling be-
ing a key element of circannual timing mechanisms. TH is
an ancient signalling molecule whose function probably orig-
inated well before the divergence between the vertebrate
and other deuterostome lineages. Indeed, evidence linking
TH to the control of breeding activity can be found in Echino-
derms, as well as in the primitive chordate, Amphioxus [8]. It
has been clear for over 50 years that seasonal birds and
mammals engage the TH system in the regulation of the sea-
sonal response. Pioneering work by Benoit [9] in ducks and
Woitkewitsch [10] in starlings showed that removal of the
thyroid gland dramatically altered the seasonal changes in
gonadal growth. These studies were re-discovered and
developed by Follett, Nicholls and others (reviewed in
[11,12]), who showed that thyroidectomy blocked many of
the seasonal responses to photoperiod in the Japanese
quail, but that remarkably all of these could be restored by
a single injection of thyroxine (T4). Subsequent studies in
sheep showed that thyroidectomy overcomes the seasonal
(or photorefractory) inhibition of reproductive activity in
rams in the spring and supports a concept of a key role for
thyroid hormones in the expression of seasonal patterns of
breeding activity [13]. Investigations to define the exact
role of TH in seasonal breeding transitions in sheep, an au-
tumn-breeding species in which the spring transition results
in a shutdown of breeding activity, have used timed systemic
or local replacement of T4 in thyroidectomised animals, and
demonstrate that T4 is required for the appropriate timing of
the termination of the breeding season during the spring [14].
By contrast, such treatments had little effect on timing of the
onset of autumnal breeding season [14]. These studies,
therefore, implied that T4 action on reproductive timing is
gated by photoperiod. Similar studies in thyroidectomised
red-deer hinds have confirmed that T4 plays an important
role in terminating the breeding season in spring [15]. Further
studies used local, constant-release microimplants of T4
administered to the brain of thyroidectomised ewes. This
revealed that the spring-time requirement for TH was local-
ised to sites within the basal hypothalamic region [16].
Recently, intra-hypothalamic microimplantation of triiodo-
thyronine (T3) was shown to be able to block a transition to
a winter-like phenotype in Siberian hamsters [17]. There are
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employ T4 (sheep) as opposed to T3 (seasonal hamsters).
In the former, the effect of T4 was only noticeable in the
spring, while in the latter heightened local intra-hypotha-
lamic levels of T3 also overrode the autumn (short-day) pho-
toperiodic response. Collectively, these data argue strongly
that local control of TH bioavailability, within the hypothala-
mus, determines the transition of the seasonal reproductive
rhythm. As we shall see below, the dominance of T3 implants
over photoperiod, compared to the dependence of the re-
sponse to T4 on photoperiod, can be accounted for by
changes in endogenous TH processing enzyme expression
within the brain. The seasonal reproductive system is clearly
regulated in a TH-dependent manner, with elevated T3 activ-
ity associated with lengthening photoperiods, irrespective
of the timing of annual reproductive cycle. Consequently,
downstream there must be a reversal of signal, as THs are
crucial for suppression of reproductive function in autumn-
breeding species and its activation in spring-breeding
species.
Molecular Basis of TH Action
The major circulating form of TH released by the thyroid
gland is T4. This steroid has relatively limited biological
potency which can be either increased or decreased by
deiodination steps in target tissues. The availability of the
biologically potent T3 in the hypothalamus across both
mammalian and avian species is dependent on the local ex-
pression of two 50 iodothyronine deiodinase enzymes: Type
2 deiodinase (DIO2) and type 3 deiodinase (DIO3) [18].
DIO2 catalyses the conversion of T3 from the less potent
T4 by outer ring deiodination, whereas DIO3 converts T3 to
the inactive reverse T3 and 30,30-T2 by inner ring deiodination
(Figure 1). It is thought that 75% of nuclear T3 in the brain
is produced by local conversion of T4 into T3, and that,
therefore, the relative activities of these two enzymes
determine the levels of T3 within the hypothalamus [19].
Additionally, TH transport in and out of the brain is an
active, regulated process, dependent on the expression
and activity of specific transporter molecules, providing a
further level through which brain TH actions can be modu-
lated [20].
TH acts through two subtypes of the thyroid hormone
nuclear receptors (TRs), termed TRa and TRb [21]. For
each of these receptors, there are different isoforms with dif-
ferent ligand binding and transactivating potentials. Further,
the process of ligand binding to different TRs may lead to
activation or repression for different genes, presumably
due to differences in the local promoter context around the
thyroid response elements. The transcriptional effects of
TRs depend on their interaction with coactivators or repres-
sors, and with other nuclear receptors, including the retinoic
acid receptors (RARs) and retinoid-X receptors (RXRs). The
possible importance of this in seasonal timing is highlighted
by the fact that RXR is among a cluster of photoperiodically
sensitive genes in the hypothalamus of Siberian hamsters
[22]. Hence, depending on cell type and promoter context,
a bewildering array of downstream effects of altered thyroid
hormone bioavailability can be envisaged [23].
Intra-Hypothalamic Deiodinase Regulation
in Seasonal Vertebrates
In 2003, Yoshimura and colleagues [24], working on the
Japanese Quail (Coturnix japonica), made a key discovery
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Figure 1. Processing of thyroid hormone by
deiodinases.
Thyroxine (T4) is the principal circulating form
of thyroid hormone (TH), but has relatively low
biological potency for activation of nuclear TH
receptors. This potency is increased mark-
edly by conversion to triiodothyronine (T3)
through outer ring deiodination. This is medi-
ated by type II deiodinase (DIO2). Conversely,
T4 can be converted to an inactive form, re-
verse T3 (rT3) by inner ring deiodination medi-
ated by type III deiodinase (DIO3). Both T3
and rT3 can be further metabolised by DIO3
or DIO2, respectively, leading to diiodothyro-
nine (T2) formation.
accounting for a seasonally dependent
TH action in the hypothalamus. They
found that intra-hypothalamic bioavail-
ability of T3, the most biologically ac-
tive form of TH, is governed through
photoperiod dependent changes in
deiodinase gene expression [24,25].
Critically, these studies revealed that
exposure to long photoperiods, which
activates reproduction in quail, re-
sulted in significant up-regulation of
DIO2 within the ventral hypothalamic
ependymal layer, thus locally promot-
ing conversion of T4 to T3. In turn, ex-
posure to short photoperiods causes
suppression of DIO2, but up-regulation of DIO3 in the same
structures. These changes would dramatically alter the local
concentrations of T3 within the hypothalamus in a seasonal
manner. Since these studies, other authors have shown
that the ependymal cells of the ventral hypothalamus also
exhibit strong photoperiod-dependent changes in deiodi-
nase activity, with augmented DIO2 on long photoperiods
in the mediobasal hypothalamus of Syrian hamsters and
Soay sheep [26,27]. Intriguingly, and in contrast to the Syrian
hamster, DIO2 expression in Siberian hamsters does not
change with photoperiod, but Dio3 expression is signifi-
cantly up-regulated following exposure to short photope-
riods, which inhibit reproduction in this species [17]. Collec-
tively, these studies indicate that long photoperiods are
associated with augmented T3 availability through suppres-
sion of pathways converting T4 to T3 on short photoperiods.
Importantly, TH changes occur in the same direction in all
species so far studied, irrespective of whether they are
autumn-breeding (sheep, deer) or spring-breeding (seasonal
rodent, quail).
These studies now offer insight into the contrasting biolog-
ical actions of exogenous T4 or T3. In studies of thyroidec-
tomised sheep, T4 implants are most effective in terminating
the breeding season in the spring-time, at a time of year
when heightened endogenous hypothalamic DIO2 expres-
sion occurs [16]. In Siberian hamsters, short photoperiod-
induced reproductive inhibition can be overcome by place-
ment of T3 containing micro-implants into the hypothalamus,
an observation consistent with a bypass of normal photope-
riodic control of deiodinase activity and regulation of T3
availability in this region [17].
The Location and Nature of Deiodinase Expressing Cells
Hypothalamic deiodinase gene expression is concentrated
in the ependymal cell layer surrounding the lower portion
of the third brain ventricle, and in particular to a specialised
population of cells known as ‘tanycytes’ [28]. These cells
form projections into the external zone of the median emi-
nence and have been variously implicated in uptake and
transport of molecules into or out of the blood–brain barrier,
and in controlling the access of hypothalamic neurosecre-
tory cell endings to capillaries in the primary plexus of the
portal system [28]. Additionally, the sub-ventricular zone
inhabited by these cells is a site of cell proliferation in the
vertebrate central nervous system (CNS) [29]. Effects on TH
availability mediated by changes in deiodinase gene-expres-
sion might therefore influence any of these processes, or, in
addition, the function of TH sensitive cells in neighbouring
hypothalamic regions. Among candidate downstream target
genes, the RF-amide neuropeptide family member, kisspep-
tin is of particular interest, as it has been shown to be a critical
regulator of seasonal reproductive activation in mammals, as
it is of puberty in mice and humans [30].
How Are Photoperiodic Effects on Deiodinase
Gene Expression Mediated?
An outstanding question regarding the photoperiodic control
of hypothalamic deiodinase gene expression in vertebrates
is, how are changes in the light–dark cycle transduced into
changes in DIO2 or DIO3 expression? While this photoperi-
odic response is a common feature across birds and mam-
mals, it has long been appreciated that mammals have
diverged from birds and other vertebrates in the relay
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pathway through which light–dark information is processed.
In mammals, the nocturnal production of melatonin by the
pineal gland is a crucial step in this relay, and removal of
the pineal, which is the dominant source of circulating mela-
tonin, prevents photoperiodic responsiveness [31]. The
mammalian pineal is controlled through a circadian input
pathway from the suprachiasmatic nuclei, which are acti-
vated by retinal afferents. Melatonin production by the pineal
commences at, or shortly after, dusk and ends at, or shortly
before, dawn. As day length changes, the night-time melato-
nin signal changes in inverse proportion, providing the brain
with an internal representation of external photoperiod
change. The role of the circadian system in generating the
pineal melatonin signal and its action downstream on mam-
malian seasonal responses has been extensively reviewed
elsewhere [32]. In contrast to mammals, birds and other ver-
tebrate groups respond to seasonal photoperiod changes
via extra-retinal photoreception. Correspondingly, melatonin
is apparently not required for seasonal breeding responses
in birds, and direct effects of light on hypothalamic function,
through deep encephalic photoreceptors, are considered to
be the principal input pathway governing the seasonal repro-
ductive response [33]. Thus, in mammals the question of how
photoperiodic information is transduced into changes in
DIO2/3 expression leads to sites of melatonin action in the
neuroendocrine system, while in birds a current focus is on
mechanisms of deep brain phototransduction.
Hypothalamic and Pituitary Melatonin Receptor
Expression in Mammals
In mammals, two subtypes of high affinity G-protein coupled
melatonin receptors have been identified, termed MT1 and
MT2. Of these it is thought that MT1 is principally concerned
with photoperiodic signal transduction, as studies have
failed to demonstrate MT2 expression in the hypothalamus
or pituitary of adult mammals, and in photoperiodic Siberian
hamsters MT2 appears to be a pseudogene [34]. In addition
to the melatonin receptors, an orphan G-protein coupled re-
ceptor, Gpr50, also known as the melatonin related receptor,
has been isolated in mammals, but this does not bind to mel-
atonin [35]. Intriguingly, recent genomic synteny analyses re-
veal that mammalian Gpr50 corresponds to a third subtype
of melatonin receptor, MT3, in non-mammalian vertebrates
[36]. In mammals Gpr50 expression in the brain concentrates
in circumventricular hypothalamic areas, adjacent to or over-
lapping with photoperiodic DIO regulation, and within these
structures, Gpr50 is under strong photoperiodic regulation
[37]. The physiological function of Gpr50 in mammals and
its possible relationship to their divergent circadian and
photoperiodic organisation remain an interesting avenue
for further enquiry.
Analysis of MT1 melatonin receptor distribution by in situ
hybridisation or by autoradiography using a radiolabelled
analogue of melatonin, 2-iodo melatonin, fails to detect ex-
pression in the ependymal regions populated by the DIO2
expressing tanycytes, suggesting that an intermediate relay
function is served by MT1 expressing cells in neighbouring
areas [38]. The two most obvious possible sites of action
are cells within the adjacent mediobasal hypothalamus, or
within the pars tuberalis (PT) region of the anterior pituitary.
Intriguingly, a survey across different seasonal mammals
reveals considerable inconsistencies in 2-iodo melatonin
binding seen within the hypothalamus, whereas within the
pituitary the PT is consistently recorded as the site of most
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sites of action of melatonin should not be discounted, it is
to this latter structure that most recent attention has turned.
The PT sits at the interface between the median eminence
and the main pars distalis (PD) region of the anterior pituitary.
Developmentally, it is considered to emerge from the rostral
tip region of Rathke’s pouch, and it contains a mixture of en-
docrine cells and folliculo-stellate cells which share a number
of immunological markers with brain glial cells, including
GFAP and S100 protein [40]. Additionally, the long portal
vessels linking the capillary bed of the median eminence to
those in the PD run through the parenchyme of the PT.
Importantly, tanycyte processes also project into this tissue
[28]. Hence, the PT provides a highly complex interface be-
tween the brain and pituitary, in which no clear boundary
can be defined. The endocrine nature of MT1 expressing
PT cells is thyrotrophic, with these cells expressing both
the alpha and beta subunits of the thyrotrophin stimulating
hormone (TSH), in a manner which is markedly photoperiod
dependent [41]. This picture differs from that for classical
thyrotrophic cells in the PD, and although TSH expressing
cells in the PT are melatonin-regulated, they are insensitive
to hypothalamic thyrotrophin releasing hormone (TRH),
suggesting distinct regulation of a discrete function [42].
PT-Derived TSH Drives Hypothalamic DIO2 Expression
Very recently, two studies, in the Japanese quail and the
Soay sheep, have lent strong support to the concept that
PT-derived TSH acts locally within the mediobasal hypothal-
amus to control tanycyte DIO gene expression [27,43]
(Figure 2). Studies on quail capitalised on the acute luteinis-
ing hormone (LH) secretion response of quail to long photo-
periods, and hypothalamic gene expression changes using
chicken Affymetrix microarrays [43]. This revealed that two
genes, the beta subunit of TSH (bTSH) and eyes-absent 3
(Eya3), are acutely induced in the avian PT region 14 hours
into the first long day. Subsequent in situ hybridisation stud-
ies revealed that bTSH expression was induced specifically
in the PT, and that 4 hours later DIO2 expression was
induced in the adjacent ependymal cells. Intracerebroven-
tricular administration of TSH to reproductively suppressed,
short-photoperiod housed quail stimulated gonadal growth
and induction of DIO2 through a TSH-receptor–c-AMP medi-
ated signalling pathway. Thus, increased TSH in the PT
seems to act as a trigger for the long-day induced activation
of the reproductive system. In both sheep and quail, expres-
sion of DIO2 is believed to be induced through activation of
G-protein coupled TSH receptors (TSH-R) in tanycytic cells,
through which cAMP levels are stimulated by TSH. As DIO2
is strongly induced by cAMP-dependent pathways [44], in-
creased TSH expression in the PT during spring leads to in-
creased DIO2 expression in the hypothalamus. In quail, this
appears to be an impressively rapid response. Although no
study in mammals has studied photoperiod-induced gene
expression with the same temporal resolution as in quail,
evidence suggests that TSH responds somewhat more
slowly, in the range of days rather than hours, consistent
with the slower physiological responses of mammals to pho-
toperiodic manipulation [45]. Nonetheless the parallels be-
tween quail and sheep are striking, suggesting a unifying
model for PT-dependent influences on seasonal breeding
(Figure 3). In mammals, these latest data provide a model
through which the long documented involvement of TH-
dependent signalling in seasonal reproductive responses
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Figure 2. TH pathway gene expression in the
pars tuberalis and mediobasal hypothalamus
of the photoperiodic Soay sheep.
Shown are autoradiographic images of radio-
active in situ hybridisations with antisense
probes to thyrotrophin stimulating hormone
(TSH) beta subunit (bTSH), TSH receptor
(TSH-R), type II deiodinase (DIO2) and the kiss-
peptin encoding gene, KISS 1, performed on
tissue from Soay sheep acclimated to the indi-
cated photoperiods for 6 weeks. Note the
strong photoperiodic effects on pars tuberalis
(PT) bTSH expression and on DIO2 expression
in the TSH-R expressing region of the ME.
KISS-1 expression in the adjacent ARC is also
photoperiod-dependent, and the relationship
between this and DIO2 regulation in adjacent
areas remains to be established. Images
provided by E.A. Hanon and G.C. Wagner.
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within the PT [27].
An intriguing feature of these recent studies is that we may
now need to consider revising the classical hypothesis of hy-
pothalamic regulation of pituitary function: In this ‘reverse
hypothesis’, the PT acts as a major transducer of photoperi-
odic information, relaying critical information to the hypo-
thalamus. In mammals, this is relayed via the action of
melatonin, while in birds, deep-brain photoreceptors are
involved. In both vertebrate groups, pituitary signalling is
now known to regulate hypothalamic TH processing. A key
un-resolved question is whether there are other PT specific
pathways and signals which also act on hypothalamic
structures?
Deep-Brain Phototransduction and Coupling
to TSH Regulation in Birds
For birds, the puzzle of how TSH expression in the PT is cou-
pled to phototransduction is less clear than for mammals.
Prior to the recent study by Nakao et al. [43], attention in birds
and other non-mammalian vertebrates had focussed on
opsin-like photoreceptor expression in periventricular cells
in the thalamic or hypothalamic sites as the basis for deep
brain phototransduction, but functional data have so far
been lacking [33]. One provocative concept might be that
the avian PT itself could be a possible site of deep-brain
phototransduction in birds. However, there is no published
evidence for an opsin-type photoreceptor expressed in the
avian PT. It is, nevertheless, striking that apart from TSHb,
the only other ‘first wave’ gene induced following the switch
to long days in quail is the haloacid dehalogenase family
gene, Eya3. Eya3 is one of four eya orthologues ofDrosophila
melanogaster Eya, and is a key member of retinal determina-
tion gene networks, along with Pax, Six and Dachsund [46].
As the name suggests, these networks are classically associ-
ated with the control of eye formation inDrosophila, such that
the presence of Eya3 in a tissue might imply photoreceptive
function. It remains to be established whether PT-specific
Eya3 expression is involved in photoreceptor expression or
in the regulation of other PT pathways — perhaps as a tran-
scriptional switch within the PT ensuring that output path-
ways are rapidly reactivated upon the return to long days.
A Novel Prolactin-Regulating Pathway
So far, the emphasis in this review has been on seasonal re-
productive control, and its fundamental link to hypothalamicTH signalling. There is evidence that one neuroendocrine
pathway, the control of seasonal prolactin, may depend
upon intra-pituitary signalling, operating through a hypothal-
amus independent mechanism. In contrast to the reproduc-
tive system, augmented prolactin secretion is associated
with long photoperiods in all seasonal species [47]. In mam-
mals, there is strong evidence that the PT is crucially
involved in the seasonal control of prolactin secretion. This
surprising inference was drawn following the observation
that Soay sheep that had been subjected to surgical isolation
of the pituitary from direct hypothalamic input still continued
to show seasonal cycles of prolactin secretion, despite gross
disruption of other descending neuroendocrine control [48].
Prolactin secreting cells are not directly melatonin sensitive,
suggesting that the PT may act as an intra-pituitary relay to
maintain only the seasonal prolactin regulation in the hypo-
thalomopituitary-disconnected animal. In vitro co-cultures
of PT and PD cells have been employed in sheep and ham-
sters to demonstrate activity of this PT prolactin secreta-
gogue [49,50]. In vitro studies using hamster pituitary tissue
have shown that the secretion of this secretagogue is
augmented on long photoperiods and that its secretion is in-
hibited by melatonin [50]. This local prolactin-releasing fac-
tor has been termed ‘tuberalin’ and is thought to be a low
molecular weight peptide secreted by the PT, acting on distal
lactotroph cells [51]. Interestingly, in sheep, seasonal control
of prolactin secretion is insensitive to systemic TH status
[14], and no TSH-R are seen in the PD of sheep [27]. Similarly,
in Siberian hamsters, hypothalamic T3 implants failed to
block the moult to a winter pelage when animals were placed
on short photoperiod, contrasting with the effects on go-
nadal activity [17]. Hence, there are good reasons to believe
that there is a novel intra-pituitary pathway, in addition to
TSH production, in which the PT may control the seasonal
prolactin axis. Given the striking conservation of mecha-
nisms seen for TSH and DIO regulation across vertebrates,
we might predict that a similar prolactin-regulating mecha-
nism remains to be revealed in birds and other vertebrates.
How Does the PT Measure Time Intervals?
Much of our knowledge of melatonin signal processing in
a photoperiodic context comes from studies of the PT. Stud-
ies of PT cells in vitro indicate that melatonin’s principal
mode of action is through acute inhibition and chronic sen-
sitisation of cAMP-mediated signal transduction [52,53].
These actions of melatonin are presumed to interact with
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Figure 3. A unifying model for PT-dependent photoperiodic regulation of seasonal endocrine function in birds and mammals.
Shown are schematic sagittal views of the basal hypothalamus and anterior pituitary (sand shading) in birds (A) and mammals (B). The third ventricle
(3V) is shown in grey. Key cellular anatomical elements are in bold, and hormonal signals are shown in italics. The pituitary portal system is depicted
in purple. At the core of the model are the PT thyrotroph cells , present in both groups. (A) In birds, these cells are controlled by extra-retinal, deep
brain photoreceptors. Two putative sites of extra-retinal photoreception are conceivable: Cells lining the walls of the 3V (yellow) — which would
require a further unspecified relay step to the PT, or possibly within the PT itself. Functional evidence for either of these possibilities is still lacking.
(B) In mammals, the PT thyrotrophs are governed by melatonin arriving through the portal blood supply. Downstream of the PT, evidence in birds
and mammals indicates that PT-derived TSH acts on TSH-R expressing tanycytes (dark blue) lining the 3V. These cells control T3 availability in the
basal hypothalamus through changing expression of DIO2/3; precursor T4 is presumed to reach these cells via the portal blood supply, as drawn, or
possibly through the cerebio-spinal fluid. T3 may act on tanycytes themselves, possibly affecting their interaction with the neurosecretory termi-
nals of gonadotropin-releasing hormone (GnRH) neurons where they contact the primary capillary beds of the portal system. Alternatively T3 may
affect neuropeptide gene expression within hypothalamic neurons. Thus, PT-derived TSH ultimately controls neurosecretion into the portal supply
and hence the endocrine output of endocrine cells in the PD, releasing the gonadotrophins follicle-stimulating hormone (FSH) and LH. Additional to
the intrahypothalamic, TSH-mediated effects of PT thyrotrophs, evidence in mammals supports the proposal that an additional, so far unidentified
PT signal (‘Tuberalin‘) is released into the portal vessels, and acts directly in the PD to influence lactotroph secretion of prolactin.
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R800endogenous adenylate cyclase activating signals, including
adenosine, to induce cAMP response-element regulated
gene expression [54]. The chronic adenylate cyclase sensi-
tising effect of melatonin may account for the importance
of melatonin signal continuity noted in timed infusion of mel-
atonin to pinealectomised animals [31], but is not sufficient
as a mechanism for measuring changes in melatonin signal
duration. This is because similar levels of adenylate cyclase
sensitisation are seen in PT cells exposed to melatonin for
8 or 16 hours, even though signals of these durations have
quite different seasonal photoperiodic effects [53]. To date,
there is little insight into the mechanisms whereby melatonin
inhibits cAMP signalling acutely, nor which other local pitui-
tary signals may be involved in driving cAMP pathways in this
tissue.
The past decade has seen a dramatic increase in under-
standing of the molecular mechanisms of circadian time-
keeping. Circadian clock genes are also rhythmically
expressed in the PT of seasonally breeding mammals, as
well as in strains of melatonin secreting mice [55–62]. In sea-
sonal rodents and sheep, the circadian clock gene Per1 is
expressed in the PT and is activated in the early morning in
direct response to the decline in the nocturnal melatonin sig-
nal and altered cAMP signalling. The amplitude of peak Per1expression is highly photoperiod-sensitive, and maximal on
intermediate to long photoperiods, suggesting that ampli-
tude modulation of the expression of this gene may underlie
durational decoding of the melatonin signal [57,62]. Addi-
tionally, the clock gene Cry1 is rhythmically expressed in
the dark phase, coincident with the onset of pineal melatonin
secretion, and in both sheep, rats and hamsters, melatonin
treatment has been shown to directly induce Cry1 expres-
sion in the PT irrespective of the phase of the light–dark
cycle [59,63,64].
PER and CRY proteins are key components of the feed-
back loop controlling the master clock in the hypothalamic
suprachiasmatic nucleus (SCN). These two proteins are
coexpressed within the SCN and heterodimerise to rhythmi-
cally modulate circadian gene transcription via E-box motifs
on target genes [65]. Studies of seasonally breeding sheep
have revealed that, in contrast to the SCN, within the PT
Per1 and Cry1 mRNA track the offset and onset, respec-
tively, of the melatonin signal such that seasonal changes
in the duration of the melatonin signal are reflected in an
altered phase relationship of these two core clock compo-
nents [55]. From this, it has been proposed that melatonin-
regulated seasonal changes in the phasing of the PER/CRY
interval may operate as an internal coincidence detector,
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Figure 4. Decoding the melatonin signal
to produce a photoperiodic response in
mammalian PT.
The critical parameter from which photoperi-
odic information is decoded is the duration of
elevated nigh-time secretion of melatonin —
shorter in summer, longer in winter. The model
proposes that this leads to differing wave-
forms for cAMP (and possibly other second
messenger signals), which in turn leads to al-
tered patterns of rhythmical clock gene
expression. In particular, ‘coincidence’ in the
relative phasing of Per (morning) and Cry
(evening) gene expression rhythms changes
as the melatonin signal duration changes.
Since PER and CRY proteins interact to con-
trol circadian clock-controlled gene expres-
sion, the model predicts that this leads to
quantitative, wave-form effects, as well as
qualitative, absence- or presence-effects, on
gene expression in PT cells. This produces
a ‘seasonal transcriptome’ in PT thyrotroph
cells, notably changing production of TSH,
and thereby driving changes in seasonal
biology.
providing a genetic mechanism based
on circadian clock genes for the PT to
decode the seasonal photoperiodic
melatonin signal and drive downstream
molecular events via E-box mediated
transcription [55,66] (Figure 4). This
model is based on the assumption
that PER and CRY proteins interact to
control the expression of genes con-
taining appropriate response elements
in their promoter. Hence, the model
predicts that — depending on the inter-
val between dusk and dawn, relayed
via the melatonin signal — the extent of daily formation of
functional PER–CRY complexes will vary over the course of
the year. This model hinges on the assumption that protein
levels undergo similar variation as observed for mRNA
expression. In the case of PER1, published data support
this view [67], and recent studies in the mouse PT suggest
that nuclear PER1 and CRY1 protein levels peak synchro-
nously [68].
Until recently,Cry1was the only gene known to be induced
in the PT by melatonin. However, a recent study has identi-
fied several transcripts, including NeuroD1, Hif1a and
nampt, that are all acutely regulated by melatonin in a similar
manner asCry1, with a similar time course of response to ex-
ogenous melatonin [69]. These data indicate that there may
be a larger melatonin-regulated transcriptome within the
PT, and it therefore remains an open question as to how
the local circadian clockwork is involved in the read-out of
melatonin in this target tissue.
Two separate studies have investigated whether the PT-
regulated circadian clockwork is involved in endogenous
long-term seasonal timing as well as responding to changes
in day length — perhaps through changing sensitivity to the
pineal melatonin signal. Syrian hamsters held on prolonged
short photoperiods spontaneously increase their secretion
of prolactin, without any associated change in the pattern
of secretion of pineal melatonin [70]. In vitro studies using
PT/PD co-culture revealed, however, that the activity of the
PT secretagogue increases sharply at this time, but in con-
trast, there is no change in the pattern of expression of
Per1 or of the inducible cAMP early repressor, ICER, in the
hamster PT [70]. Similarly, sheep held on long photoperiods
for 30 weeks exhibit a progressive decline in prolactin secre-
tion, despite a maintained profile of melatonin secretion that
is typical for long days; but here again PT clock gene expres-
sion profiles were indistinguishable from those in animals
held on long photoperiods for 6 weeks [71]. Collectively,
these results indicate that the local circadian clockwork in
the PT may provide the tissue with a photoperiod-dependent
read-out, but does not change its signature as animals
undergo downstream changes in physiology.
Evidence for Circadian Involvement in Seasonal
Timing from the tau Mutant Hamster
The circadian taumutation of the Syrian hamster was the first
circadian mutation discovered in a vertebrate, and results in
a shortening of the wheel-running period from 24 hours to
approximately 22 hours in the heterozygote and 20 hours in
the homozygote [72]. The mutation resides within a key
kinase enzyme (Ck13), and is thought to act as a potent
gain-of-function allele causing accelerated proteosomal
degradation of target PER proteins [73,74]. As the melatonin
signal is generated by the circadian axis, this mutation allows
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R802us to ask how the circadian clockwork might impact on
photoperiodic time measurement and responsiveness to
melatonin.
Using testicular regression as an index of photo-respon-
siveness, adult male tau mutants maintained on 24 hour
light–dark cycles fail to exhibit a short-day response and un-
dergo testicular involution, even when exposed to very short
photo-schedules and exhibit instead a long-day like default
response [75]. This occurs because the intrinsic 20 hour pe-
riod of tau mutants prevents their stable entrainment to the
prevailing 24 hour light–dark cycle and thus prevents the
generation of a melatonin profile representative of short
days. However, when adult tau males are maintained in
light–dark cycles on a 20 hour time base they do entrain
effectively and when exposed to varying durations of dark-
ness, melatonin-dependent testicular regression can be trig-
gered by photo-schedules of 10 hours light and 10 hours
dark. This contrasts with the threshold of 12 hours of dark-
ness per cycle needed to trigger a short-day response in
wild types, and suggests that critical day-length responses
are proportional to the circadian phenotype [76]. Thus, tau
hamsters measure the passage of seasonal time using a 20
hour time-base.
One consequence of this is that in 20 hour lighting re-
gimes or continuous darkness, melatonin signals are gen-
erated once every 20 hours (rather than every 24 hours)
and correspondingly the rate of short-day induced physio-
logical change is accelerated. For instance, when tau and
wild-type hamsters are maintained in continuous darkness
for 25 weeks, testicular regression occurs, followed by the
onset of spontaneous refractoriness and recrudescence
[77]. However the tau mutants exhibit a significantly
greater rate of testicular regression, directly in proportion
to the acceleration of their circadian clock (i.e. by ca.
20%) with the net result that they reach the nadir of the cy-
cle two weeks earlier than wild-type animals — which cor-
responds approximately to the time required to experience
the same number of melatonin signals as lead to regres-
sion in wild type. Collectively, these data are compatible
with the hypothesis that acceleration in the generation
of circadian melatonin signal frequency in tau mutants
leads to accelerated reproductive and neuroendocrine res-
ponses [78].
In order to test whether the tau mutation has altered the
definition of what constitutes a long-duration (short-day)
melatonin signal, pinealectomised tau and wild-type ham-
sters have been exposed to programmed melatonin infu-
sions of repeated (inhibitory) long-duration melatonin signals
administered at different frequencies from 16 hours to 28
hours over a six-week period [76]. Whereas signal frequen-
cies of 20 hours induced both significant testicular regres-
sion and also suppression of LH secretion, 16, 24 or 28
hour signals failed to do so. In contrast, in wild-type animals,
both 20 and 24 hour infusions are effective. These altered
responses of tau mutants to melatonin signal frequency
strongly imply that accelerated circadian clockwork at a
melatonin target site results in altered processing of the pho-
toperiodic message carried in periodic melatonin infusions.
At the present time, the development of techniques to ma-
nipulate clock gene expression in the PT of seasonal ani-
mals, as a means to testing this hypothesis further, is a key
research objective, and the tau hamster remains so far the
only organism to formally test the effect of disrupted circa-
dian clockwork on seasonal timing.Perspective
The last decade has revealed novel genes and pathways
involved in photoperiodic time measurement. Recent stud-
ies of TH processing and its regulation demonstrate com-
mon elements between birds and mammals and strongly
suggest that the underlying molecular elements involved in
decoding seasonal photoperiod change are likely to be sim-
ilar or even identical (Figure 3). The adoption by mammals of
melatonin as a convenient endocrine transducer of photope-
riod has perhaps overemphasised the differences between
phylogenetic groups of vertebrates. Recent studies now em-
phasise a re-convergence of thinking, placing the emphasis
on the fundamental conservation of photoperiodic readout
mechanisms. The discovery of a novel intra-pituitary signal-
ling pathway involving TSH now forces consideration of
whether other hormonal signals may also be involved in reg-
ulation of hypothalamic function, and whether indeed this
proves to be a general hallmark of the photoperiodic readout
mechanisms of vertebrates. Unambiguously, mammals use
melatonin, and we have learnt much of where this acts,
both in the pituitary and within the CNS to control long-
term seasonal cycles [79]. This is in marked contrast to birds
and other vertebrates where the nature of the elusive deep
brain photoreceptor is yet to be revealed. Once we have
this critical missing link, we will be able to compare fully
the signalling pathways involved in photoperiodic time mea-
surement in different vertebrate groups. The lesson from the
last few years is that the divergence between mechanisms in
birds and mammals is probably narrower than was previ-
ously imagined.
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